This paper comprehensively investigates the torque characteristics of a novel permanent magnet flux switching (PMFS) machine with outer-rotor configuration. Due to the nature of severe magnetic saturations in the machine, it is of particular interest to ascertain the extent of impact of the load conditions on the overall torque output as well as its component parts. The frozen permeability techniques are implemented in finite element analysis (FEA) to segregate the output torque of the outer-rotor PMFS machine into three parts: cogging torque, reluctance torque, and permanent magnet torque. 2-D FEA is first employed to reveal the effects of phase current amplitudes and angles on those three torque components as well as the overall torque, while the 3-D FEA is carried out to further uncover the influences of end effects on the torque characteristics of the machine. Finally, experimental tests on a prototype machine are performed to validate the torque characteristic predictions by FEA.
I. INTRODUCTION
T HE PERMANENT magnet flux switching (PMFS) machine is a less common and a relatively new type of permanent magnet (PM) brushless machines comprising a passive and robust salient-pole rotor and a complex salientpole stator with armature windings and magnets. The earliest single-and three-phase PMFS machines date back to 1955 [1] and 1997 [2] , respectively. More recently, the PMFS machine has attracted renewed research interests in a host of existing and emerging applications, as their inherent advantages are being recognized, which include high power density, excellent efficiency, low maintenance, high reliability, efficient thermal management, good flux weakening capability, and superior controllability [3] . Nonetheless, practitioners have yet found any compelling reason to use PMFS machines in industrial and domestic applications. This is because some of the PMFS machine's key issues, such as complex stator structure, high magnet usage, severe magnetic saturations, large stator flux leakage, and high torque ripple, remain unresolved. Various analytical modeling techniques, such as nonlinear magnetic equivalent circuit method [4] - [6] , tooth contour method [7] , and Fourier harmonic model [8] , have been developed to evaluate the advantages and disadvantages of the PMFS machine. However, numerical methods, in particular, finite element analysis (FEA), are still the mainstream modeling techniques. The recent advances in FEA modeling tools are arguably one of the most important reasons for the revived research interests in the PMFS machine. Meanwhile, PMFS machines with various configurations such as the original [9]- [13] , multi-tooth [14] , [15] , multi-magnet [16] - [18] , and hybrid-pole ones [19] - [21] , have been proposed for a wide range of applications, from low power and cost-sensitive domestic appliances to large power and high reliability renewable energy devices, and from the automotive markets to the mission-critical aerospace and defense industries. Generally, magnetic saturations should be avoided in PM brushless machines as much as possible for high performance applications since they are responsible for increased torque nonlinearity, extra torque pulsations, and further performance deteriorations [22] . However, there will be severe magnetic saturations developed in PMFS machine especially under load conditions as a result of the relatively high magnet volume and small airgap length, together with its rather unique doubly salient structure. This feature particularly could turn into one of the major disadvantages of PMFS machine. The electromagnetic torque generated in the PMFS machine can be segregated into three main parts: cogging torque originated from the PM field energy variations with rotor position, PM torque generated by the interaction between the magnetic fields of PMs and winding currents, and reluctance torque produced by winding inductance alterations with rotor position. Moreover, the three components are heavily coupled with one other due to the severe magnetic saturations in the machine at load conditions. Hence, it is of particular interest to find out the way in which the load conditions influence the cogging torque, PM torque, and reluctance torque as well as the overall torque in the PMFS machine. A fundamental understanding of the unique torque attributes will provide invaluable design guidelines to help addressing the previously mentioned key issues of the PMFS machine. This paper concerns a comprehensive investigation on the torque characteristics of an outer-rotor PMFS machine, with a particular emphasis on the torque nonlinearity and pulsations. In Section II, the key specifications of the outer-rotor 0018-9464 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. PMFS machine under study is first introduced, and the torque modeling is briefly demonstrated. In Section III, the frozen permeability techniques are introduced and implemented in FEA models to decompose the output torque into cogging torque, reluctance torque, and PM torque. In Section IV, the influences of load conditions such as phase current amplitudes and angles on the cogging torque, reluctance torque and PM torque as well as overall torque of the proposed PMFS machine are established by 2-D FEA with the frozen permeability technique. Furthermore, the corresponding 3-D FEA is carried out in Section V to reveal the impacts of end effects on the torque characteristics. Section VI presents the prototype machine and experimental results to validate the FEA results, followed by the concluding remarks in Section VII.
II. OUTER-ROTOR PMFS MACHINE AND TORQUE MODELING
The research on PMFS machines have been predominately focused on the inner-rotor rotational and the linear types, with a relatively little attention given to the outer-rotor one. However, the outer-rotor configuration lends itself to a directdrive machine particularly due to high torque density and easy mechanical integration. The authors have proposed the outer-rotor PMFS machine for its potential applications for vehicle traction [23] . The outer-rotor machine under study, which has been specifically designed for in-wheel light traction applications [12] , possesses an elaborate stator of 12 poles with embedded rectangular magnets and concentrated coils and a robust and passive rotor with 22 poles. The PM in each stator pole is radially segmented into three equal pieces by two iron bridges with a width of 1 mm to promote flux-weakening capability and mitigate magnet eddy-current loss. The detailed design and performance optimization of the proposed machine have been reported in [12] . The main design parameters of the machine are show in Table I , whereas the Fig. 1 . It shows severe magnetic saturations occurring in the iron bridges. Both the cogging torque and phase back electromotive force (EMF) harmonics are minimized during the machine optimization to reduce the overall on-load torque ripple. However, the magnetic saturations in the machine would inevitably induce torque nonlinearity and additional torque pulsations.
Generally, the instantaneous electromagnetic torque of an electric machine can be obtained by principle of virtual work as [24] 
where W co (i, θ), Ψ (i, θ), and W f (i, θ) are the corresponding co-energy, phase flux linkage matrix, and field energy of the machine with a given excitation of phase current matrix i at rotor position θ , respectively. By decoupling the flux linkage and field energy, the instantaneous electromagnetic torque of PMFS machine can be rewritten as
where
, and W pm (i, θ) are the phase PM flux linkage matrix, inductance matrix, and PM field energy of the machine with certain excitation of phase current matrix i at rotor position θ , respectively, whereas T pm , T r , and T c are the corresponding PM torque, reluctance torque, and cogging torque. By inspection of (2), one can easily observe the instantaneous torque of the PMFS machine is an aggregate of three distinctive parts. This is also true for its torque ripple. However, the machine's inevitable magnetic saturations under load conditions make Ψ pm (i, θ), L(i, θ), and W pm (i, θ) highly dependent on the machine phase current [3] . Thus, the above three torque components are normally tightly coupled so that analytical torque decomposition is practically unfeasible. The recent advent of frozen permeability techniques, which can be easily implemented to obtain the corresponding pm (i, θ), L(i, θ), and W pm (i, θ), has made the torque segregation possible with numerical methods. As the proposed outer-rotor PMFS machine has essentially sinusoidal back EMF, it is preferred to operate the machine with brushless alternating current mode for minimum torque ripple [2] . To simplify the analysis, it is assumed that the machine is driven by ideal pure sinusoidal currents in this paper.
III. TORQUE SEGREGATION USING FROZEN PERMEABILITY
The frozen permeability technique is a method implemented in numerical simulations for segregating the total magnetic flux of electric machines into the corresponding contributions from the different excitations. There are generally two types of excitation sources in PM machine: armature currents and magnets. The principle of the frozen permeability technique for PM machine is shown and compared with the conventional one in Fig. 2 . Without using the frozen permeability technique, the resultant flux densities with armature excitation (H I ) and PM excitation (H pm ) are B I and B pm , respectively. The resultant flux density B A , which is generated by both armature and PM excitations (H A ), is lower than the sum of B I and B pm . While with using frozen permeability technique, the permeability μ A is first derived and stored by field analysis with armature and PM excitations together. The corresponding flux densities B FI and B FPM are calculated linearly based on the frozen μ A with armature excitation (H I ) and PM excitation (H pm ), respectively. In this case, the resultant flux density B A is equal to the sum of B I and B pm , and the armature reaction field and PM field in the machine are decomposed.
It can be perceived that the frozen permeability technique is essential to reveal the influences of magnetic saturations and cross-coupling, as well as to carry out the segregation of the torque components in PM machine. Therefore, the frozen permeability technique has been widely used to investigate the electromagnetic characteristics of PM machine. The simple analytical models with the improved parameters obtained from numerical methods with frozen permeability technique have been widely used to predict the performances of various PM machines [25] - [27] . While the PM flux linkage and winding inductances at corresponding rotor position and load current can be readily derived based on the individual magnetic flux results [28] - [30] . Moreover, the frozen permeability technique is employed to investigate the cause of terminal voltage increase [31] and radial magnetic force density [32] in PM synchronous machine. Meanwhile, the decomposition of the average torque can also be facilitated accordingly [33] , [34] . Furthermore, the virtual work principle and an improved frozen permeability method are proposed to calculate the on-load cogging torque appropriately [35] . So far, only the average torque segregation has been covered by the literatures. However, the instantaneous electromagnetic torque of the PM machines can be segregated accordingly based on (2) with the on-load PM flux linkage, winding inductances, and cogging torque. It is noteworthy that while most of the commercial FEA software packages include the frozen permeability technique as an additional feature, only average torque is analyzed.
In this paper, the frozen permeability technique is employed to segregate the instantaneous electromagnetic torque of the proposed outer-rotor PMFS machine, as shown in the highlevel flowchart shown in Fig. 3 . Normally, complete nonlinear numerical analyses involving the nonlinear material magnetic characteristics are crucial to account for the effects of magnetic saturations including cross-coupling effects in the PMFS machine. Therefore, an initial nonlinear FEA solution of the proposed PMFS machine at a given rotor position and load currents is first carried out to obtain the corresponding electromagnetic torque and the resultant permeability in each element of the FEA mesh is derived and stored. Either the PM residual flux density or phase winding currents are set to zero to turnoff the corresponding field source in the model so that a corresponding new linear FEA with the stored permeabilities can be performed to determine the corresponding winding inductances or PM flux linkages. Therefore, the corresponding on-load reluctance torque and PM torque can be subsequently calculated based on (2). Furthermore, an additional nonlinear FEA with only PM excitation and single nonlinear iteration is carried out based on the stored permeabilities to compute the corresponding on-load cogging torque using the virtual work principle [35] . Finally, the resultant torque components from the FEA with the frozen permeability technique, including on-load PM torque, reluctance torque, and cogging torque are synthesized to compare with the torque result from the initial nonlinear FEA for validation of the segregation method.
By the way of example, torque segregation of the proposed PMFS machine under rated load condition has been carried out by following the analysis flowchart in Fig. 3 using 2-D FEA and the results are shown in Fig. 4 . The on-load cogging torque waveform of the machine under rated load condition is presented and compared with the open-circuit one in Fig. 4(a) , which implies that the corresponding magnetic saturations would not only bring about extra harmonic components and hence increase the amplitude, but also shift the phase of the waveform. The segregated reluctance torque waveform of the machine under rated load condition exhibits larger pulsation than the one calculated based on the open-circuit winding inductances, as shown in Fig. 4(b) , which implies that the magnetic saturations in the machine enlarge the variations of the inductances. While Fig. 4(c) shows that the segregated PM torque waveform of the machine under rated load condition exhibits not only lower average value (due to torque nonlinearity), but also higher ripple than the one derived from open-circuit PM flux linkages. Finally, Fig. 3(d) compares the synthesized and 2-D FEA torque waveforms of the machine under rated load condition. The good agreements between the results thus verify the validity of the proposed segregation method. It can be observed that the magnetic saturations in the machine would impose large influences on each individual torque components. Therefore, it is of particular interest to comprehensively analyze the impacts of magnetic saturations on the torque characteristics of the proposed PMFS machines.
IV. TORQUE CHARACTERISTICS ANALYSIS
The average torque and torque ripple of the proposed outer-rotor PMFS machine including its three different torque components are comprehensively investigated in this section. The torque characteristics of the machine excited with various current amplitudes (0-50 A) and phase angles (−90°-90°) are analyzed using 2-D FEA, and the three corresponding torque components of cogging torque, reluctance torque, and PM torque are derived by the proposed torque segregation method. The current phase angles are phase difference between the phase currents and their corresponding phase back EMF. Thus, positive current phase angles mean that the currents are leading the back EMF by corresponding angles so that the flux weakening (demagnetization) is achieved.
The average values of cogging torque in the proposed machine under different load conditions are always zero due to the generation mechanism of this peculiar torque component. Therefore, the comprehensive results of the average PM torque, reluctance torque, and overall torque profiles of the proposed machine under different current excitations are obtained and shown in Fig. 5 . It is obvious from the figure that the average torque output of the machine is mainly contributed by the PM torque. Therefore, the torque output reaches its maximum at current phase angle of ∼0°for each current. The contribution of the reluctance torque is almost negligible for most of the load conditions despite the doubly salient structure. However, relatively large reluctance torque would be generated to counteract the PM torque in the machine with large current and negative current phase angles.
Furthermore, the peak-to-peak (P-P) torque ripple profiles of the segregated three torque components as well as the overall one in the machine under various loads are compiled and shown in Fig. 6 . It can easily be observed that both the current amplitude and phase angle have considerable influences on the torque ripple characteristics of both the three individual torque components as well as the overall torque, in particular with high current excitations. The P-P cogging torque maintains almost constant with small phase current (<15 A) since magnetic saturations in the machine are relatively mild. As the phase current picks up, magnetic saturations get more severe so that the corresponding P-P cogging torque increases significantly. Moreover, the impacts of phase current on the P-P cogging torque would be most significant with phase angle of around −90°, 0°, and 90°. As the phase current increases, the torque pulsations in both the PM torque and reluctance torque would first gradually rise, and then start to increase significantly as the corresponding magnetic saturations get more severe. On the other hand, the maximum and minimum P-P reluctance torque ripple values can be found at current phase angles of about −45°and 15°, respectively, for given current amplitude. The P-P PM torque ripple reaches its maximum with the current phase angle of ∼0°, and its minimum with the current phase angle of around −45°and 45°. On the whole, the torque pulsations, which are associated with reluctance torque, are much less significant than the ones from cogging torque and PM torque and nearly negligible under low current excitations. Hence, the cogging torque and PM torque ripple are the main contributors of the overall torque ripple of the proposed machine. Despite both the cogging torque and PM torque can potentially exhibit quite remarkable torque ripple, the overall P-P torque ripple profiles of the machine in Fig. 6(d) implies that the two torque pulsations can eventually counteract each other to a certain extent. The torque ripple contributions from the reluctance torque would be quite evident with high current excitations. Due to the high current amplitude and large current angle, the flux in the machine is strongly weakened so that the less magnetic saturations occur in the machine. It can be inspected that the corresponding cogging torque and PM torque ripple with current angle of 45°and high current amplitude would reach their minimums and they have almost opposite phases. Moreover, the reluctance torque ripple is also very small with this current angle. Overall, the overall torque ripple can reach its minimum at current phase angle of 45°as large currents are applied. On the other hand, negative current phase angles tend to deliver more severe torque fluctuation than the positive ones partially due to the severe magnetic saturations in the machine due to the flux enhancement. Generally, the torque ripple in the proposed machine has been effectively suppressed by the optimal design. 
V. IMPACT OF END EFFECTS ON TORQUE CHARACTERISTICS
The end effects in PMFS machine are quite significant and would inevitably deteriorate the machine performance [4] , [5] . The investigations in the previous sections only involve with 2-D FEA without the consideration of end effects. In this section, comprehensive 3-D FEA models, which consider the end effects, are developed to reveal the impacts of the end effects on the torque characteristics of the proposed outer-rotor PMFS machine. To improve the computational efficiency, only one fourth of the machine is modeled with both the periodic and symmetric boundary conditions. The magnetic flux density distributions of the machine under open-circuit condition from 3-D FEA results are plotted with the 3-D meshes in Fig. 7 , which shows that flux density distributions in the end region differ from the middle one.
The torque segregation of the proposed PMFS machine under rated load condition have been carried out based on 3-D FEA and the corresponding results are compared with the 2-D FEA ones in Fig. 8 . It shows appreciable differences in the influences of the end effects among the segregated three torque components. The end effects would significantly reduce the average PM torque and hence the overall torque output. On the other hand, the end effects would slightly increase the torque pulsations of each component and hence the overall torque. To further explore the impacts of end effects on torque characteristics, the average torque and torque ripple profiles with zero current phase angle and rated current amplitude The magnetic fringing effects on the end surfaces of the machine would impose evident impacts on the flux density distributions especially in the axial direction [36] , which will bring conventional 2-D FEA challenges to accurately evaluate the torque characteristics. Overall, the end effects in the proposed machine would considerably reduce the average reluctance torque, PM torque and hence overall torque. On the other side, they would increase the torque pulsations of the machine with low current excitations and even could reduce torque ripple with high current excitations. Therefore, the end effects from the 3-D FEA results would only affect the average torque and P-P torque ripple values of the proposed machine, but would not vary the profiles of the 2-D FEA results shown in Figs. 5 and 6.
VI. EXPERIMENTAL VALIDATIONS
A prototype of the proposed outer-rotor PMFS machine is built for the experimental validations. Fig. 10 shows the exploded view, actual wound stator, and assembly of the prototype machine. The open-circuit experimental tests are first carried out to obtain the cogging torque and phase back EMF waveforms of the machine. The method described in detail in [37] is used to measure the cogging torque waveform of the machine. Fig. 11 shows the experimental setup of cogging torque measurement. A rotating index plate is assembled onto a worm-gear unit, such that it can turn and hold the machine outer rotor securely with accurate angular position information. On the other hand, one end of a beam is connected to the machine inner stator shaft, while the other end is rested on the digital scale with preload to achieve unidirectional torque values by shifting the cogging torque with constant amplitude. By rotating the rotor accordingly, the torque acting on the stator can be measured at different relative positions between the stator and the rotor. Two cogging torque periods have been generated by the index plate, while 15 samples per cogging torque period have been taken for the prototype in this paper. The predicted cogging torque profiles from the 2-D and 3-D FEA models are compared with the measured one in Fig. 12 (a) and the corresponding P-P cogging torque values are shown in Table II . It can be observed that the predicted P-P cogging torque value from 3-D FEA is ∼20% lower than the one from 2-D FEA due to the considerable end effects yet they are almost three times and two times higher than the experimental one, respectively. As the cogging torque of the proposed machine has already been reduced to a very low level, there would be expected practical difficulties of accurate measurement due to limitation of the experimental setup. Moreover, the 2-D and 3-D FEA models hypothesize perfect manufacture and assembly of the machine. However, the prototype machine would inevitably be subjected to mechanical tolerances and assembly deficiencies. In particular, the machine has a relatively complex stator with a high number magnet pieces, making it all the more difficult for the stator to be assembled to the desired stringent tolerances. Cogging torque could be very sensitive to those mechanical tolerances and deficiencies especially when it is minimized by geometric optimization. Nonetheless, the predicted and the experimental waveforms show that they essentially follow the similar variation and overall the agreements can be Experimental setup for cogging torque measurements of the prototype machines. considered satisfactory. Furthermore, the phase back EMF waveform of the prototype measured at the rated speed of 120 r/m is compared against the corresponding 2-D and 3-D FEA results, as shown in Fig. 10(b) , which reveals that the experimental one is rather smaller than the predicted results, particularly the 2-D FEA one. To further investigate the phase back EMF, harmonic analysis has been carried out and the corresponding crucial phase back EMF harmonics (fundamental, third, fifth, and seventh) are shown in Table II . Generally, the back EMF is much less susceptible to mechanical defects and bench measurements than in the case of low-level cogging torque. The fundamental value of phase back EMF from experiment is 6.9% and 2.3% lower than the estimated ones from 2-D and 3-D FEA, respectively. Moreover, the experimental amplitudes of other phase back EME harmonic components are in close agreements especially with the estimated ones. However, the 2-D FEA results deviate much more significantly from the experimental ones compared with the 3-D FEA ones due to the severe end effects. It can be also observed from the table that other harmonic components are relatively very small so that the phase back EMF profiles are essentially sinusoidal. That implies that the on-load PM torque ripple of the prototype is somewhat suppressed. Overall, very good agreements have been achieved between the predicted and experimental phase back EMF results.
The experimental setup for on-load torque measurement of the prototype is shown in Fig. 13 . The prototype is powered by a voltage source inverter with common space vector pulsewidth modulation technique. For the load tests, the prototype is powered by a 12 V direct current link. The reason to use a relatively low supply voltage is to ensure the main objective of the investigation is not hampered by unduly experimental complications of driving the prototype at high speed. However, it is impractical to decouple the controller induced torque components due to the limitations of the experimental setup. The waveforms of the threephase voltage, together with one-phase current from a typical tests with load of 6 N · m are shown in Fig. 14 , which reveals that phase current is essentially sinusoidal. Therefore, the extra torque components induced by the controller are effectively minimized. On the other hand, it is physically impossible to segregate the torque components during the experimental tests. Moreover, it is particularly difficult to accurately obtain the instantaneous torque from the experimental measurements. Without loss of generality, only the overall average torque values of the prototype are measured for general validations. The average torque values of the prototype with various current excitations and current phase angle of zero from the experiments are first derived and compared with the 2-D and 3-D FEA ones in Fig. 15(a) . The average toque values with various current phase angles and rated current excitation are measured and illustrated with the predicted ones in Fig. 15(b) . The discrepancy between the average torque from the 2-D and 3-D FEA results comports well with the corresponding one of the fundamental phase back EMF. However, relatively large deviations can be observed between the predicted and measured ones. This is partially due to smaller fundamental back EMF from the experimental tests. It can be inspected from Fig. 13 that there is a 1:1 belt transmission unit between the prototype rotor and shaft before the torque transducer. This belt transmission unit would inevitably introduce variational errors to the torque measurements. Therefore, in addition to the previous explanations for open circuit results, the mechanical transmission in the testing setup would incur considerable load dependent friction losses and hence contribute extra negative errors to the experimental results. Moreover, it could also be observed from Fig. 15 that the relative difference between the predicted and experimental values generally aligns well with the torque output, which implies that the frictional losses in the belt transmission unit are roughly proportional to the torque it transmits. Therefore, the experimental results are compensated accordingly by torque loss from the belt transmission unit and the corresponding results are plotted and compared with the other results in Fig. 15 . It can be clearly observed that the compensated experimental results agree well with the 3-D FEA ones. By considering all those factors, it is reasonable to conclude that the experimental measurements are in very good agreements with the corresponding 2-D and 3-D FEA ones. Overall, the validity of the analysis on torque characteristics of the proposed PMFS machine in this paper has been underpinned by the experimental results.
VII. CONCLUSION
The comprehensive analysis on the torque characteristics of a 12/22 outer-rotor PMFS machine has been carried out. The 2-D FEA models together with frozen permeability techniques with are employed to decompose the output torque of the proposed outer-rotor PMFS machine into cogging torque, reluctance torque, and PM torque. The comprehensive results have suggested that both the amplitude and phase angle of the phase current would have profound influences on not only the overall torque output and torque ripple, but also the characteristics of the three torque components in the proposed machine. Furthermore, the 3-D FEA results have revealed that the end effects would potentially increase the torque ripple but inevitably reduce the PM flux linkages and hence the overall torque output in the machine. The experimental results from the open circuit and on-load tests on the prototype have shown satisfactory agreements with the estimated ones by the 2-D and 3-D FEA models, and underpinned the findings of this paper. Although the proposed torque segregation method has been performed on the outer-rotor PMFS machine, it is envisaged that this method can also be employed to investigate the torque characteristics of other PM brushless machine types.
